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Abstract: Switched reluctance motors (SRMs) are simple in structure, easy to manufacture, magnet-
less, brushless, and highly robust compared to other AC motors which makes them a good option
for applications that operate in harsh environment. However, the motor has non-linear magnetic
characteristics, and it comes with various pole-phase combinations and circuit topologies that causes
many difficulties in deciding on which type to choose. In this paper, the viability of SRM as a low-cost,
rugged machine for vehicle radiator cooling fan is considered. First, necessary design considerations
are presented, then three commonly use types of SRM are analyzed: A 3-phase 6/4, 3-phase 12/8,
and a 4-phase 8/6 to find their static and dynamic characteristics so the most suitable type can be
selected. Simulation results show that the 8/6 SRM produces the highest efficiency with less phase
current which reduces the converter burden. However, with asymmetric half bridge converter, eight
power switches are required for 8/6 SRM and thus put a burden on the overall drive cost. As a
solution, the Miller converter with only six switches for four phase SRM. To verify the proposed idea,
the 8/6 SRM was manufactured and tested. The results show that Miller converter can be used for
the proposed SRM with slightly reduced efficiency at 80.4%.

Keywords: radiator fan; finite element analysis (FEA); switched reluctance motor (SRM); low-
cost drive

1. Introduction

The cooling system is essential in all kinds of vehicle. Coolant is distributed around
the engine to regulate its temperature. Radiator cooling fan plays the role of dissipating
the heat of the coolant in the radiator before the cycle goes again. These days, in the era of
vehicle electrification, cooling fans are powered with electric motors. Despite the advance
systems, the low-cost DC motors are still commonly used in low-cost vehicles [1]. However,
DC motors have commutator and brush. The contact between the two is the operating
principle the motor, but it also creates some disadvantages such as carbon dust and high
maintenance requirement. Moreover, even though structurally DC motors are simple, the
mechanical connection between motor, commutator, and brush reduce the robustness and
increases chance of spark during commutation.

This problem can be solved easily by implementing brushless DC (BLDC) motors [2,3].
BLDC motors have been reported to replace DC motors in a lot of applications. It has good
control performance, high efficiency, and is relatively small-sized. However, BLDC motors
use permanent magnets (PMs). Literatures have proven that rare-earth PMs improve
power density and dynamic performance [4]. The problem with PMs, other than the
availability concerns, is that there is a change of demagnetization in very high-temperature
environment [5]. Moreover, the structure is less rugged, if compared to non-PM motors.

Switched reluctance motors (SRMs) are magnet-less and brush-less. The windings are
wound in a concentrated manner only around the stator poles. The remaining structure
is merely a stack of core laminations for stator and rotor. Generally, SRM is easy to
manufacture so its production costs are comparatively low which becomes its main selling
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point [6]. Because of this simple construction, structurally it is rugged and required little-
to-no maintenance. This is a good feature for radiator cooling fan. However, it possesses
some drawbacks such as high torque ripple and acoustic noise which is inherent from its
operating principle: Switching the phase on and off repeatedly [7,8].

Three conventional types of SRM are analyzed and compared in this paper. Two
3-phase, 6/4 and 12/8, and one 4-phase, 8/6 SRMs are designed with the same size
and rated performance for fair comparison. The design parameters are set to satisfy
the cooling fan requirements. The characteristics of each motor are observed with a finite
element analysis (FEA) software and explained in a comparative manner to provide a better
understanding in SRM and how to choose the appropriate type for a particular application.

Asymmetric half bridge (AHB) converter is mainly used to operate SRMs [9,10]. By
using two power switches for each phase, it provides great control flexibility since each
switch can be independently turned on and off. Furthermore, it is also reliable because
if one switch breaks down, the motor can still run though with reduced performance.
However, with the increasing number of phase, the total number of switches also increases
which elevates the overall drive cost. To solve this problem, various converter topologies
have been suggested over the years. Literature in [11,12] summed up some of them. In this
paper, the Miller converter is used to reduce the number of switches in the 4-phase 8/6
SRM to that of a 3-phase SRM, which is from 8 to 6. Dynamic simulation was performed to
compare the performance when using the regular AHB and Miller topology.

A prototype motor was manufactured according to the result of FEA simulation and
tested to verify the performance. The experiment was performed by using both AHB and
Miller and the results were compared. It is confirmed through simulations and experiments
that SRM is a viable actuator for radiator cooling fans.

2. Design of Proposed SRM
2.1. Design Considerations

The selection of phase and pole numbers are important to design the proper motor
for a given application. Despite the advantages, SRM is also known for the drawbacks
such as high torque ripple and acoustic noise, which is why torque ripple is considered
as one of the most important parameters in implementing the motor. Similar to other
AC machines, more pole number equals lower torque ripple, but it also causes the speed
limit to drop. Lower rotor pole number such as a 4/2 SRM is considered to be more
viable for high-speed applications. The operation of conventional SRMs relies heavily
on the power switches, but they are relatively costly. SRM does not have any magnets,
so its power density and efficiency are lower than BLDC motors and PM synchronous
motors (PMSMs). Increasing the number of phases raises the efficiency, but this approach
requires more power switches which may increase the converter price. Therefore, some
trade-offs are required. Table 1 gives the characteristics of some configurations of SRM.
One phase in SRM generally requires a set of electronics consisting of two switches and
at least one current sensor [13]. Converter price is based on the number of phase. With
single-phase SRM, which has the lowest cost [14], as a standard, the price of other phases
can be calculated by multiplication considering AHB as the selected converter and the
ability to control each phase independently.

Table 1. Conventional phase and pole combinations.

Phase Structure Characteristics Torque Ripple Converter Price

Single 4/4 High speed, no self-start Very high Very low
Two 4/2 High speed, compact High Low

Three
6/4 All-around performance Medium

Medium12/8 High torque Low
Four 8/6 High efficiency, high torque Very low High
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The target application is important when designing a motor for a specific purpose.
Generally, there are some required torque and power values that need to be satisfied. The
formula below puts the torque as a function of bore diameter Dr and stack length Lstk,
where k is a constant depending on the application as shown in Table 2. Lstk and the outer
stator diameter which determine the outer volume of the motor are usually predetermined
by the customer. Therefore, after the selection of k, the range of Dr can be find accordingly.
More poles for the same outer diameter also means less space for the phase winding.

T = kD2
r Lstk (1)

Table 2. k Value based on applications.

Applications k [kNm/m3]

Small, total-enclosed 2~5.5
Common industrial 5.5~20

High performance servo 10~40
Aerospace 20~60

Large, liquid-cooled 80~200

Another consideration from the electrical point of view is the switching frequency.
The switching frequency fs is linear to the mechanical rotating speed in rad/s ωm and the
number of rotor poles Nr. The higher this value, the higher the switching loss and core loss
will be. The relationship can be expressed as follows,

fs =
(ωm

2π

)
Nr. (2)

2.2. Design Parameters

For fair comparison, the three motors, 3-phase 6/4 and 12/8, and 4-phase 8/6 SRMs
are designed with the same dimensional restrictions. The stator outer diameter is fixed
at 105 mm and stack length at 35 mm, so they roughly have the same outer volume
considering the end-winding length will slightly vary. The shaft diameter is set to 10 mm.
Since SRM has no permanent magnet, it is better to shorten the air-gap length as much as
possible. Due to manufacturing limitations, it is set to 0.25 mm. The rated parameters are
presented in Table 3 below and Figure 1 shows the topology of each motor.

Table 3. Design Target.

Parameters Value

DC-link voltage [V] 12
Rated speed [RPM] 2800
Rated torque [Nm] 1.68

Minimum efficiency [%] 80

Figure 1. Topology of considered motors: (a) 3-phase 6/4, (b) 3-phase 12/8, and (c) 4-phase 8/6.
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In SRM, the generated electromagnetic torque T is proportional to the number of phase
q, number of rotor poles, and the energy conversion area W as shown in the equation below.

T =
qNr

2π
W. (3)

Judging by (3) alone, if more phase is used, less area of W is required. W is related to
the current vs. flux characteristic, and thus less current is needed to produce the required
torque. For the same phase and W, the higher pole number will result in higher generated
torque as well, so in order to produce the desired torque, less current can flow to the
windings. This eventually may lead to higher efficiency because of smaller copper loss.
However, as explained before, higher pole number may result in higher switching loss,
and thus core loss and higher phase number means more power switched required that
increases the size and price of the drive.

2.3. Characteristics Analysis of Proposed Motors

SRM relies on reluctance torque for its operation. In other words, rotor position is
crucial in the operation. The torque in SRM can be expressed as follows,

T =
1
2

i2
dL(θ, i)

dθ
. (4)

The phase torque is proportional to the square of phase current i and the change of
phase inductance L which can be calculated as,

L =
λ

i
(5)

where λ is the phase flux linkage. Figure 2 shows the comparison of inductance and torque
for the same current value at 50 A. The max/min ratio for 6/4, 12/8, and 8/6 SRMs are
13.0, 8.6, and 7.2, respectively. It can be confirmed that the value of inductance itself does
not contribute to the torque generation. It is the slope that holds the important role. The
higher the instantaneous gradient for inductance change per rotor position, the higher
the torque will be. In this static simulation, the torque for 12/8 SRM is lower because the
windings are connected in parallel (two poles each) and therefore for the same current, the
torque is less. This result only states the phase torque generation capability for a given
current and does not reflect the actual torque during operation since other phases are not
considered. Later this can be seen in 12/8 SRM having similar RMS current magnitude as
6/4 type and still produces the same output torque.

Figure 2. Static characteristic comparison of proposed motors: (a) Inductance, (b) Torque a.

To reflect the actual torque profile, dynamic simulation in which switching on and off
the phase periodically was performed. The resulting performance for each motor is showed
in Figure 3. Unlike before, the profiles shown here is matched to have the same average
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torque at 1.7 Nm. It can be seen that the torque ripple is inherent due to the commutation
between phases. As shown in the figure, more pole number means less torque ripple. It can
be seen that the 8/6 SRM has the lowest torque ripple and 12/8 SRM produces less ripple
than 6/4 SRM. More detail is presented in Table 4 below. The torque ripple is calculated
as follows,

Tripple =
Tmax − Tmin

Tavg
× 100%. (6)

Figure 3. Dynamic torque comparison: (a) 6/4, (b) 12/8, (c) 8/6 SRMs.

Table 4. Dynamic performance comparison.

Parameters 6/4 SRM 12/8 SRM 8/6 SRM

Average torque [Nm] 1.7 ← ←
RMS phase current [A] 54.5 59.3 35.8

Copper loss [W] 106.32 55.8 61.7
Core loss [W] 20.7 37.6 33.0
Efficiency [%] 78.0 80.1 82.5

Torque ripple [%] 109.5 95.9 62.2

Based on the observations made in the design stage, the 4-phase 8/6 SRM is selected
to be the actuator for the cooling fan because it has the highest efficiency and less current is
required which reduces the burden on converter. It also has the lowest torque ripple, but in
this particular application in which torque and speed ripples are not too important, this
characteristic is ignored. However, if AHB which is the conventional converter for SRM
is used, a total of eight power switches are required to operate the motor. Since the aim
of this study is to develop a low-cost drive for the cooling fan, a modification to AHB is
necessary which is explained in the next section.

3. Miller Converter for The Proposed 8/6 SRM

Miller converter or shared-switch topology was first introduced in [11]. The idea
is to share the same switch and diode set between more than one phase and there are
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many configurations according to the number of phase (even or odd) as shown in [12,13].
The change only affects the upper switch, leaving the lower switches the same as AHB
configuration and thus independent phase control is still possible. Figure 4 below shows
the comparison of AHB and Miller converter for four-phase SRM.

Figure 4. Converter topology for 4-phase SRM: (a) Asymmetric half bridge (AHB), (b) Miller.

As shown in the figure above, two phases can share the same upper switch so therefore
only six switches are required. The control method for both converters is still the same,
which is to give PWM (pulse width modulation) signal to the upper switch and simple
on and off for the lower switches. Radiator cooling fan does not require precise control
method for speed or torque. When the temperature rises, the fan operates to the rated
speed and stays on until temperature drops. Therefore, only speed is controlled, and ripple
can be ignored. The load type used in this simulation is fan load which can be calculated
as follows,

Tload = Trated ×
nact

nrated
(7)

where Tload is the load that varies non-linearly with the speed, Trated is the rated load set at
1.67 (Nm), nact is the actual speed, and nrated is the rated speed set at 2800 (RPM). A simple
PI (proportional–integral) gain is used to get the required speed.

The result of changing AHB to Miller converter is shown in Figure 5. It can be seen
that the speed and torque for both are the same. One big difference is when Miller converter
is used, negative current flows on each phase which indicates that there is a small amount
of current flowing in the opposite direction even though the phase has not been turned
on yet. However, based on SRM torque principles in which torque is not affected by the
polarity of the current, this small amount of “leak” generates positive torque which lowers
the total instantaneous torque where it happens. Also, it can be observed that the negative
current flows just before the corresponding phase is turned on, which means it happens
near the commutation region. As was presented in (6), the negative current reduces the
Tmin and thus increases the torque ripple. However, since in the proposed application
ripple is not the main focus, we can safely change AHB to Miller converter since similar
performance can be achieved.
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Figure 5. Simulation result: (a) Asymmetric half bridge (AHB), (b) Miller.

4. Experimental Results

To verify the performance of the proposed motor, the 4-phase 8/6 SRM was manufac-
tured and tested. Figure 6 shows the inside of the motor. As previously mentioned, SRM
structure is very simple and easy to manufacture.
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Figure 6. Proposed 4-phase 8/6 SRM.

Experiments were carried with conventional AHB and Miller converter. For both,
TMS320 F28335 from Texas Instrument is used as the DSP (Digital Signal Processor).
Switching frequency to drive the IGBT is set to 20 (kHz). Power supply of 12 [V] is
connected to supply the power to the motor. Figure 7 shows the experimental setup. A
simple PI speed control is used to operate the motor to rated speed of 2800 [RPM]. Then
the e-clutch (e for electronic) that acts as a brake is operated using another DC power
supply so that the output torque of the motor is 1.67 (Nm). To be noted, this is our general
experimental configuration available in lab. For fan application, much cheaper MOSFET
switches can be used and a more compact converter can be manufactured. However, the
point in this paper is to show the viability of switch reduction to reduce cost and the
performance of proposed SRM regardless of switch type since the price reduction will be
accordingly proportional.

Figure 7. Experimental setup.

The experimental result is presented in Figure 8 below. It can be seen from the current
waveform that they quite match the simulation. When Miller converter is used, the negative
current exists before the current for the corresponding phase rises. This slightly reduces
torque and thus more current is required to produce the same output power. The efficiency
for AHB and Miller is 82.5% and 80.4%, respectively. Another thing that can be observed is
the electric noise. Compared to AHB, Miller converter produces much higher EMF and
thus is not suitable in EMF-sensitive environments.



Electronics 2021, 10, 917 9 of 10

Figure 8. Experiment result at rated condition: (a) Asymmetric half bridge (AHB), (b) Miller.

5. Conclusions

In this paper, the design consideration and selection process of a cost-effective switched
reluctance drive for vehicle radiator cooling fan are presented. The aim is to reduce the
overall cost down while still maintaining performance. SRM is well-known for its high
ripple, but since the target application is not sensitive to ripple, the selection is based
on efficiency and current rating to reduce the burden on converter. The study can be
summarized as follows:

• Three general SRM, 3-phase 6/4, 3-phase 12/8, and 4-phase 8/6 types were initially
designed to satisfy the output requirements.

• The 4-phase 8/6 SRM was selected because it satisfies the requirement with the highest
efficiency and lowest current rating.

• A problem with the selected motor is that it requires eight power switches if SRM
conventional converter is used and thus this adds to the cost.

• In Miller converter, one upper switch can be shared among two phases.
• Therefore, the designed 8/6 SRM is then paired with Miller converter as the low-

cost solution.
• Simulation and experiments were performed to verify the proposed idea.
• The result shows that Miller converter is interchangeable with conventional AHB as

an alternative in this application with slightly reduced efficiency from 82.5% to 80.4%.
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